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REMARKS/ ARfiTTM lriVTg 

Claims 1-74 are pending in the application; claims 1-18, 31 and 32 are currently 
under examination; claims 19-30 and 33-74 have been withdrawn pursuant to a Restriction 
Requirement. Claims 1-3 and 7-1 1 have been amended. Support for the amendments to the 
claims is found throughout the specification as originally filed and, thus, no new matter has been 
introduced. New claims 75-77 have been added. Support for new claims 75-77 is found 
throughout the specification as originally filed and, thus, no new matter has been introduced. 

The present amendment is submitted in accordance with the Revised Amendment 
Format as set forth in the Notice provided on the USPTO web site for the Office of Patent Legal 
Administration; Pre-OG Notices; dated 1/31/03. 

Claims 1-18, 31 and 32 have been rejected under 35 U.S.C. §§ 101, 1 12, first 
paragraph, and 1 12, second paragraph. For the reasons set forth herein, each of the rejections is 
overcome. 

The Invention 

The present invention provides nucleic acids encoding a novel ABC family 
cholesterol transporter, SSG. The claimed sequences are useful for a number of purposes, 
including the diagnosis and treatment of cholesterol-associated disorders, including 
sitosterolemia, and for the identification of molecules that associate with and/or modulate the 
activity of SSG. 

Objection 

Claims 1-18, 31 and 32 have been objected to as reciting non-elected subject 
matter. In order to expedite prosecution, claims 1-3 and 8-1 1 have been amended to recite the 
elected subject matter of SEQ ID NO:3 and SEQ ID NO:4. 

Rejection Under 35 U.S.r mi 

Claims 1-18, 31 and 32 have been rejected under 35 U.S.C. § 101 as allegedly 
lacking utility. The Office Action alleges that the specification does not demonstrate the specific 
function of the protein of SEQ ID NO:3.or its relationship to any disease. The Office Action 



Page 12 of 21 



Appl. No. 09/837,992 

Amdt. dated August 26, 2003 

Reply to Office Action of February 25, 2003 



PATENT 



alleges that the main utility of the nucleic acid and protein is to carry out further research to 
identify the biological function and possible diseases associated with the protein, and, therefore, 
it is not specific or substantial. In response, Applicants respectfully traverse the rejection. 

As set forth in M.P.E.P. § 2107, "[a]n invention has a well-established utility if (i) 
a person of ordinary skill in the art would immediately appreciate why the invention is useful 
based on the characteristics of the invention (e.g., properties or applications of a product or 
process), and (ii) the utility is specific, substantial, and credible." 

Furthermore, to establish a prima facie showing that the asserted utility is not 
specific or substantial, "[t]he prima facie showing must contain the following elements: (i) An 
explanation that clearly sets forth the reasoning used in concluding that the asserted utility for the 
claimed invention is not both specific and substantial nor well-established; (ii) Support for 
factual finding relied upon in reaching this conclusion; and (iii) An evaluation of all relevant 
evidence of record, including utilities taught in the closest prior art. (See, M.P.E.P. § 
210711(C)(1)). 

Applicants assert that prima facie showing of no specific and substantial credible 
utility has not been properly established, because (1) a person of ordinary skill in the art would 
immediately appreciate why the invention is useful based on the characteristics of the invention 
and details provided in the specification, and (2) the utility is specific, substantial and credible. 

1 . A Person Of Ordinary Skill In The Art Would Immediately Appreciate Why 
The Invention Is Useful 

Applicants assert that a person of ordinary skill in the art would immediately 
appreciate why the invention is useful based on the characteristics of the invention and the 
numerous details provided in the specification. As explained above, the present invention 
provides nucleic acids encoding Sitosterolemia Susceptibility Gene (SSG) polypeptides. SSG is 
a novel member of the ATP-binding cassette (ABC) family of transport molecules. Members of 
the ABC family use ATP to drive the transport of any of a large number of molecules across 
membranes. SSG is involved in the transport of cholesterol and other sterols, as well as other 
lipids across membranes, and is associated with the human disorder sitosterolemia. The SSG 
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polypeptides associate with heterologous ABC transporter proteins to form heterodimeric 
transporters that transport sterols (e.g., cholesterol) and other lipids out of cells (see, e.g., page 
14, lines 24-27 of the specification). 

As further evidence that the SSG polypeptides of the present invention are, in 
fact, ABC transporters that play a role is sitosterolemia, Applicants direct the Examiner's 
attention to the following two SCIENCE articles: (1) Allayee et al, "An Absorbing Study of 
Cholesterol," SCIENCE 290:1709-171 1 (1 December 2000), a copy of which is attached as 
Exhibit A; and (2) Berge et al, "Accumulation of Dietary Cholesterol in Sitosterolemia Caused 
by Mutations in Adjacent ABC transporters," SCIENCE 290:1771-1775 (1 December 2000), a 
copy of which is attached as Exhibit B. The Berge et al. article demonstrates that the SSG 
polypeptides of the present invention, which are referred to therein (as well as in the present 
specification) as ABCG5 polypeptides, are ABC transporters. More particularly, the Berge et al. 
article demonstrates that ABCG5, i.e., SSG, and ABCG8 normally cooperate to limit intestinal 
absorption and to promote biliary excretion of sterols and that mutated forms of these 
transporters predispose one to sterol accumulation and atherosclerosis (see, the Abstract). The 
Allayee et al. article comments on the importance of the Berge et al. work. More particularly, 
Allayee et al. acknowledge that the Berge et al. results address "a longstanding mystery in the 
lipid metabolism field: How is absorption of cholesterol regulated given that cholesterol appears 
to be passively taken up by intestinal cells?" (see, page 1709), and that Berge et al. provide 
"strong evidence that ABC transporter proteins pump plant sterols out of intestinal cells into the 
gut lumen, and out of liver cells into the bile duct" (see, page 1709). Allayee et al. further state 
that "although the transporters preferentially pump out plant sterols, they also appear to transport 
cholesterol out of cells because the absorption of cholesterol is dramatically increased in 
sitosterolemia" (see, pages 1709-1710). 

Based on their role as ABC transporters, the specification teaches that SSG 
nucleic acids and polypeptides (as well as modulators, recombinant forms, or fragments of SSG) 
can be used to modulate sterol transport activity in cells, and are therefore useful in the treatment 
or prevention of any of a large number of sterol-associated, e.g., cholesterol-associated, diseases 
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and conditions, including, but not limited to, sitosterolemia, familial hypocholesterolemia, 
hyperlipidemia, atherosclerosis, coronary heart disease, HDL deficiencies, gall stones, nutritional 
deficiencies, and other cardiovascular diseases (see, page 10, lines 7-12 of the specification). 
Upon reading the specification, one of skill in the art would immediately recognize the utility of 
SSG in the treatment of such sterol-associated diseases. For instance, an SSG polynucleotide or 
polypeptide introduced into a cell, in vivo or ex vivo, can be used to modulate the SSG activity in 
the cell (see, page 11, lines 1-3 of the specification). 

Clearly, one of skill in the art would immediately appreciate that the ability to 
modulate SSG activity in a cell through the introduction of an SSG polynucleotide or 
polypeptide would be useful for the treatment or prevention of sterol-related disorders because 
SSG transporters associate with heterologous ABC transporter proteins to form heterodimeric 
transporters that act to transport cholesterol, other sterols, and other lipids out of cells. For 
example, sitosterolemia, an inherited lipid disorder, is associated with an increased absorption 
and decreased elimination of dietary cholesterol as well as plant sterols, such as sitosterol, which 
are normally not absorbed from the diet. With the recent identification of mutations in the 
ABCG8 and SSG genes as the underlying cause of sitosterolemia, disruption of the active 
pumping back into the intestine of passively absorbed plant sterols and decreased hepatic 
secretion of the resultant high levels of these sterols are now believed to be the causes of this 
disorder. Clearly, modulating the transport of cholesterol, other sterols, as well as other lipids 
out of cells is beneficial to a patient having a sterol-related disorder such as sitosterolemia. 

Furthermore, since it has been shown that mutation of the SSG gene predisposes 
one to sitosterolemia, one of skill in the art would immediately appreciate the utility of the SSG 
gene and SSG polypeptide in the treatment, prevention and diagnosis of this disorder. As such, 
one of skill in the art would immediately appreciate why the present invention is useful. 

2. The Utility Is Specific, Substantial and Credible 

The Office Action alleges that use of the nucleic acid and protein to carry out 
further research to identify the biological function and possible diseases associated with the 
protein does not define a "real world" use. Applicants respectfully point out to the Examiner that 
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the foregoing utilities are specific, substantial and credible. Again, based on their role as ABC 
transporters, the SSG nucleic acids and polypeptides of the present invention as well as 
modulators of SSG can be used to modulate sterol transport activity in cells, and can therefore be 
used in the treatment or prevention of any of a large number of sterol-associated, e.g., 
cholesterol-associated, diseases and conditions, including, but not limited to, sitosterolemia, 
familial hypocholesterolemia, hyperlipemia, atherosclerosis, coronary heart disease, HDL 
deficiencies, gall stones, nutritional deficiencies, and other cardiovascular diseases" {see, page 
10, lines 7-12 of the specification). 

Moreover, as explained in the specification, LXR activity increases the expression 
of SSG polypeptides. As such, SSG nucleic acids and polypeptides also provide useful markers 
for detecting LXR or RXR activity, e.g., to screen for LXR or RXR agonists {see, page 1 1, lines 
20-22 of the specification). SSG polypeptides can also be used to generate monoclonal and 
polyclonal antibodies useful for identifying cells involved in cholesterol transport {see, page 1 1, 
lines 23 and 24 of the specification). 

Applicants assert that all of the foregoing utilities are specific, substantial and 
credible. Contrary to what is stated in the Office Action, these utilities do not simply encompass 
carrying out further research to identify the biological function and possible diseases associated 
with the protein. Instead, the SSG nucleic acids and polypeptides of the present invention have 
immediate specific, substantial and credible "real-world" uses. Therefore, Applicants 
respectfully request that the rejection under 35 U.S.C. § 101 be withdrawn. 

Rejection Un der 35 U.S.C. §112. First Pnrn ^mph 

Claims 1-18, 31 and 32 have been rejected under 35 U.S.C. § 1 12, first paragraph, 
as allegedly nonenabled. To the extent the rejection is applicable to the amended set of claim, 
Applicants respectfully traverse the rejection. 

As the Examiner is aware, claims 1-18, 31 and 32 are directed to nucleic acids 
encoding polypeptides for SSG, a novel member of the ABC family of transport molecules. 
Claim 1, as amended, recites an isolated nucleic acid encoding an SSG polypeptide, the SSG 
polypeptide comprising an amino acid sequence that is at least about 70% identical to an amino 
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acid sequence as set forth in SEQ ID NO:3, wherein the amino acid sequence comprises a 
signature sequence selected from the group consisting of SEQ ID NO:5 and SEQ ID NO:6. 

As explained above, SSG is involved in the transport of cholesterol and other 
sterols, as well as other lipids across membranes, and is associated with the human disorder 
sitosterolemia. The SSG polypeptide associates with heterologous ABC transporter proteins to 
form heterodimeric transporters that transport sterols {e.g., cholesterol) and other lipids out of 
cells. Based on their role as ABC transporters, the SSG nucleic acids and polypeptides of the 
present invention as well as modulators of SSG can be used to modulate sterol transport activity 
in cells, and can therefore be used in the treatment or prevention of any of a large number of 
sterol-associated, e.g., cholesterol-associated, diseases and conditions. Moreover, since it has 
been shown that mutation of the SSG gene predisposes one to sitosterolemia, one of skill in the 
art would immediately appreciate the utility of the SSG gene and SSG polypeptide in the 
treatment, prevention and diagnosis of this disorder. As such, the specification disclose 
functions/activities of the SSG polypeptides and, in turn, uses that flow from such 

functions/activities. 

Moreover, the structure of the SSG polypeptides is clearly described in the 

specification. More particularly, the specification teaches: 

rtlopologically, full-length SSG polypeptides include a "transport unit," an 
"ATP binding domain," " a hydrophobic domain," six "transmembrane 
regions," "motif A" or "P-loop," "motif B," and others. 

These domains are well-known in the art and are characteristic domains of many of the ABC 
transporter family members. In addition, the specification provides exemplary amino acid 
sequences for both human and murine SSG polypeptides (see, SEQ ID NO:3 and SEQ ID NO:4) 
as well as polymorphic variants of such SSG polypeptides (see, page 12 of the specification). 
Moreover, the specification provides "signature" sequences for the SSG polypeptides (see, SEQ 
ID NO:5 and SEQ ID NO:6). In fact, claim 1 has been amended to recite that the SSG 
polypeptide comprises an amino acid sequence having a signature sequence selected from the 
group consisting of SEQ ID NO:5 and SEQ ID NO:6. 
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As such, the specification provides both the function(s) and structure(s) of the 
SSG nucleic acids and polypeptides of the present invention. As such, one of skill in the art can 
practice the claimed invention without undue experimentation. Accordingly, Applicants urge the 
Examiner to withdraw the rejection under 35 U.S.C. § 1 12, first paragraph. 

Rejection Under 35 U.S. C. $ 112. Second Paraeranh 

Claims 1-18, 31 and 32 have been rejected under 35 U.S.C. § 1 12, second 
paragraph, as allegedly indefinite. Each of the Examiner's concerns and, in turn, Applicants' 
responses to those concerns are set forth below. 

a. The Examiner has rejected claim 1, stating that the phrase "encoding an SSG 
polypeptide" is unclear. 

In order to expedite prosecution, claim 1 has been amended to recite that the 
acronym SSG stands for Sitosterolemia Susceptibility Gene. As set forth in the specification and 
as explained above, the SSG polypeptide is a member of the ABC . In view of the amendment to 
claim 1 and the remarks regarding the SSG polypeptide set forth above in connection with the § 
101 and § 1 12, first paragraph, rejections, the Examiner's concern is overcome. Accordingly, 
Applicants urge the Examiner to withdraw this portion of the § 1 12, second paragraph, rejection. 

b. The Examiner has rejected claim 2, stating that the phrase "said polypeptide 
specifically binds to polyclonal antibodies" is unclear because the specific structure and amino 
acid sequence of the claimed polyclonal antibodies are not known or defined. 

Applicants respectfully submit that one of skill in the art would clearly understand 
the metes and bounds of claim 2 and, thus, claim 2 is not unclear. Claim 2, as amended, recites: 
"[t]he nucleic acid of claim 1, wherein said polypeptide specifically binds to polyclonal 
antibodies generated against a polypeptide that comprises an amino acid sequence selected from 
the group consisting of SEQ ID NO:3, SEQ ID NO:5 and SEQ ID NO:6." As such, claim 2 
requires that the SSG polypeptide, which is encoded by the claimed isolated nucleic acid 
sequence, specifically binds polyclonal antibodies generated against a polypeptide that comprises 
an amino acid sequence of SEQ ID NO: 3, 5 or 6. Clearly, one of skill in the art knows how to 
make such polyclonal antibodies and how to determine whether such polyclonal antibodies 
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speedy bind a polypeptide. As such, the stnicture and function of the polyclonal antibodies 
recited ,n claim 2 are not unclear to one of skill in the art. 

Moreover, it is pointed out that claims similar in both scope and format to 
pending claim 2 have repeatedly been allowed by the USPTO. In fact, a brief search on the 
USPTO website reveals tha, a countless number of claims similar in scope and forma, to pending 
clam, 2 have issued in the United States. Accordingly, Applicants urge the Examiner to 
withdraw this portion of .he § 112, second paragraph, rejection. 

c. The Examiner has rejected claim 4, stating that the phrase "ABC polypeptide 
and wherein said dimer exhibits sterol transport activity" is unclear. 

As explained in the specification and above, the SSG polypeptide is a novel 
member of the ATP-binding cassette (ABC) family of transport molecules. Membets of the 
ABC family use ATP to drive the transport of any of a large number ofmolecu.es across 
membranes. SSG is involved in the transport of cholesterol and other sterois, as well as other 
lipids across membranes, and is associated with the human disorder sitosterolemia. In one 
embodiment, the SSG polypeptide associates with heterologous ABC transporter proteins, such 
as ABC8 or ABCG8, to form a heterodimeric transporter tha, transports s,ero,s (e g „ cholesterol) 
and other lipids ou, of cells. As such, in view of the teachings in the specification, claim 4 is no, 
vague and indefinite. 

"ARCS" ■ f TheEX " inCThMrej ^ Cl ^ 7 - steti °« to *^=aningof m eacro„ym 

AbC« is unclear. 

In order to expedite prosecution, claim 7 has been amended to recite that the 
acronym "ABC8" stands for ATP-Bi„di„ g Cassette 8. In view of the amendment ,„ claim 7 the 
Examiner's concern is overcome. Accordingly, Applicants urge the Examiner to withdrawn'this 
portron of the § 1 12, second paragraph, rejection. 

e. The Examiner has rejected claim 8, stating tha, the phrase "moderately 
stringent hybridization conditions" is unclear. 

_ In order to expedite prosecution, claim 8 has been amended to set forth exemplary 

moderately stringent hybridization conditions." Support for mis amendment ,„ the claims can 
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be found for example, on page 25 of ,he specification and, thus, no new matter has been 
unreduced. In view of the amendment ,„ data 8, the Examine* concern is overcome 
Accord,„ gly , Apphcants urge the Examiner to withdrawn mis portion 0{<b ^ m seco „ d 

paragraph, rejection. 

f. The Examiner has rejected claim 9, stating that the phrase "stringent 
hybridization conditions" is unclear. 

"string h h ,0 eXPed " e Ckim * hM ^ " B "* d tt s « fo * «-Plary 

«nng n, hybndlzatlon £ondi(ions „ gamn for ^ wensmeat (o ^ . P -y 

^endmen, to Cairn the Examiner, concern is overcome. According Apphcants 
urge me Examtner to wtthdrawn mis portion of the § „ 2 , second paragraph, rejection 

g. The Examiner has rejected claim 14, stating that the term "LXR agonist" is 

toand j i, t S,heEX " ineriSaWm ' lhe '™'™ ag0 ™ S, " i - t ™'>f»'«a,is kn „™ 
o a*d use, by those of siciU in the ar, to refer to compos ^ ^ . class 

hormone inscription factors known as hver X receptors (LXRs). As exp.ained in me 
k^oMev Ca ' IOn ' '^^^ been discovered that enhancing LXR activity in cells, e.g., intestinal, liver, 
kutaey, macrophage or smooth mnsc.e, e,c, can be used to increase the expression of SSG As 
-h, a„ y compound known to activate LXR or ,„ enhance m activi* in ce„s can be used to 
n„ me expression of SSC, The specification provides examples of LXR agonists, but 
other LXR agomsts can be used as we,,. For instance, me specifica«„„ teaches that LXR 
agomsts mclude, e.g., cho,estero, as we,, as synthetic compounds sucn M Compounds A fi 

ZoZ ' 60/ ' 24 ' 5A ° 9/52586 '' - 09/479315 ' ^ ™ W " a 

term of art and ,ts meaning is we,, known to those of skin in the art. m view of the art- 
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or indefinite. Accordingly, Applicants urge the Examiner to withdrawn this portion of the § 1 12, 
second paragraph, rejection. 



CONCLUSION 

In view of the foregoing, Applicants believe all claims now pending in this 
Application are in condition for allowance. The issuance of a formal Notice of Allowance at an 
early date is respectfully requested. 

If the Examiner believes a telephone conference would expedite prosecution of 
this application, please telephone the undersigned at 925-472-5000. 



Respectfully submitted, 



TOWNSEND and TOWNSEND and CREW LLP 

Two Embarcadero Center, 8 th Floor 

San Francisco, California 941 1 1-3834 

Tel: 925-472-5000 

Fax: 415-576-0300 

Attachments 

EGW:lls 

60022460 v1 
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science's Compass 



from defects in the production of progeni- 
tor red blood cells, which are made after 
hematopoiesis shifts from the yolk sac to 
the liver at stage El 2 of embryonic devel- 
opment. Expression of ADAR1 increases 
in the liver at this stage, suggesting that 
there is a critical transcript in liver tissue 
that requires efficient editing at this time. 
Apparently, the activities of ADAR1 and 
ADAR2 do not overlap sufficiently to en- 
able one enzyme to take over the responsi- 
bilities of the other (defective) enzyme. 

There are probably other transcripts that 
are edited by ADAR1, but chimeric mouse 
embryos do not survive long enough to al- 
low other phenotypes to emerge. In their 
next set of experiments, Wang et al in- 
duced teratomas (embryonic tumors) in 
nude mice by injecting them with either 
wild-type or ADAR1 heterozygous ES 
cells. The teratomas were composed princi- 
pally of neural tissues in which the amount 
of editing of known transcripts could be 
measured. In stark contrast to heterozygous 
ADAR2 newborn mice that had no decrease 
in RNA editing (6), the teratomas formed in 
nude mice from heterozygous ADAR1 ES 
cells showed decreased editing of glutamate 
receptor (GluR-B R/G and GIuR5 Q/R) and 
serotonin receptor transcripts (but no de- 
crease in editing of the GluR-B Q/R site). 
Thus, ADAR1 editing is very dependent on 
whether two copies or only one copy of the 
gene are expressed. This sensitivity to gene 
dosage could arise if, for example, lower 
levels of ADAR1 result in splicing of the 

PERSPECTIVES: BIOCHEMISTRY 



transcript (that is, removal of noncoding in- 
trons) before editing, which would remove 
the essential ECS element 

In the heterozygous ES cells, a truncated 
protein (that has only the dsRNA binding 
domains) derived from the mutated copy of 
the ADAR1 gene cannot be detected by 
Western blot analysis. Even if this truncated 
protein interfered with editing, this would 
not negate the possibility that ADAR1 is 
sensitive to gene dosage. However, clarifi- 
cation of the possible interference in the 
editing process by the truncated protein will 
have to await generation of ADAR1 -defi- 
cient mice in which the entire gene has 
been deleted. 

Fruit flies that completely lack any 
ADAR activity have been generated — this 
is much simpler to achieve in flies than in 
mice because flies have only one ADAR 
gene that is expressed exclusively in the 
CNS (7). The phenotype of the mutant 
flies shows parallels with that of the 
ADAR2 heterozygous mice. The fruit flies 
are viable and have a normal life-span, but 
they walk poorly, are unable to fly, and 
suffer progressive brain neurodegenera- 
tion. Editing is completely eliminated at 
known target sites in RNA transcripts that 
encode ion channels. The fly phenotype is 
consistent with the notion that RNA edit- 
ing is important primarily in the fry CNS. 

The generation of mice deficient in ei- 
ther of the two RNA-editing genes estab- 
lishes beyond a doubt the importance of 
RNA editing. But what is the purpose of 



this nuclear editing process? Does it "cor- 
rect mistakes" in the genome, as appears to 
be the case for the Q/R site in GluR-B 
transcripts, or does it produce a diversity of 
protein products that do slightly different 
jobs? Only with the discovery of additional 
edited transcripts and testing of the func- 
tions of the edited and unedited forms will 
this question be answered. The evidence 
that editing is important and more 
widespread than previously thought seems 
particularly appropriate this year as we 
busily interpret the human genome se- 
quence. The lesson that was learned from 
the mitochondrial and chloroplast genomes 
almost 20 years ago — that there is more to 
predicting the coding sequences of genes 
than simply identifying exons — should be 
remembered as we behold the final 
genome sequence of human nuclear DNA. 
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An Absorbing Study of 
Cholesterol 

Hooman AUayee, Bryan A. Laffitte, Aldons j. Lusis 



Sterols are essential constituents of 
the membranes of animal and plant 
cells. Although structurally very 
similar, the sterols synthesized by animals 
and plants differ in die nature of their side 
chains; for example, the plant sterol sitos- 
terol has the same ring structure as 
cholesterol (an important animal sterol) 
but differs in the side chain by an addi- 
tional ethyl group (see the figure). Plant 
sterols taken in by animals in their food 
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cannot be used by mammalian cells and 
are not normally absorbed. The cellular 
machinery that allows selective absorption 
of animal sterols but not those of plants is 
defective in a rare, recessive disorder 
called sitosterolemia. Patients with this 
disease accumulate large amounts of plant 
sterols in most tissues, have elevated plas- 
ma cholesterol, and develop coronary 
heart disease at an early age (7, 2). 

On page 1771 of this issue, Berge et 
al. (J) report the identification of muta- 
tions in two genes in sitosterolemia pa- 
tients. The genes are new members of the 
ATP-binding cassette (ABC) family of 
transporters. Last year, another member 
of the gene family, ABCA1, was found to 
be mutated in Tangier disease. This disor- 
der is characterized by defective efflux of 



cholesterol from cells, which results in an 
inability to make high density lipoproteins 
(HDLs) (4). That finding proved to be a 
treasure trove for the field of lipid 
metabolism because it identified the 
transporter responsible for removing ex- 
cess cholesterol from cells. The Beige et 
al. study seems likely to yield similar 
riches. In addition to clarifying how plant 
sterols are excluded from animal cells, 
their results address a longstanding mys- 
tery in the lipid metabolism field: How is 
absorption of cholesterol regulated given 
that cholesterol appears to be passively 
taken up by intestinal cells? 

The intestine is a major barrier to the 
uptake of plant sterols: Less than 5% of 
dietary plant sterols are normally ab- 
sorbed compared to 40% of the available 
cholesterol. Plant sterols also appear to be 
preferentially removed from the body by 
excretion into bile. Berge et al. provide 
strong evidence that ABC transporter pro- 
teins pump plant sterols out of intestinal 
cells into the gut lumen, and out of liver 
cells into the bile duct. Although the 
transporters preferentially pump out plant 
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sterols, they also appear to transport 
cholesterol out of cells because the ab- 
sorption of cholesterol is dramatically in- 
creased in sitosterolemia. Together with 
other recent studies, the following picture 
of sterol absorption emerges: Dietary 
sterols passively enter intestinal cells and 
a proportion of them are actively pumped 
back into the gut lumen by the ABC trans- 
porter proteins (see the figure). The con- 
trol of cholesterol absorption is important 
for maintaining the correct levels of 
cholesterol in the blood and tissues and is 
achieved by modulating the expression of 
the ABC transporters. 

In a positional candidate gene approach, 
the authors used a combination of mapping 
information and functional data to identify 
the genes that are defective in sitosterolemia. 
Importantly, the sitosterolemia disease locus 
had been mapped to human chromosome 
2p21 by Patel and colleagues 2 years ago 
(J). Hie authors also reasoned that the sitos- 
terolemia genes might be regulated by the 
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liver X receptor (LXR) as this nuclear hor- 
mone receptor has been implicated in 
cholesterol | homeostasis. Thus, the investi- 
|DNA microarrays to search for 
messenger [RNA transcripts whose expres- 
sion increased in response to a synthetic lig- 
and for LXR. One such transcript encoded 
an ABC transporter (ABCG5), the gene for 
which mapbed to chromosome 2p21. This 
gene happened to be adjacent to a second 
ABC transporter gene (ABCG8) that was 
switched qn and off at the same time as 
ABCG5. Both genes were expressed in cells 
of the liveriand intestine, and both were in- 
duced by a nigh-cholesterol diet fed to mice. 
Analysis of mutations provided strong evi- 
dence for the involvement of ABCG8 in four 
out of nine sitosterolemia families. The evi- 
dence that ABCG5 may be mutated in sito- 
sterolemia patients is suggestive but not 
conclusive. The coordinated regulation of 
the two genes implies that the proteins they 
encode may unite to form an active trans- 
porter, thus, mutations in either gene could 





Excretion 

Sterol metabolism in the body. The human diet includes sterols from both animal and plant 
sources, such as cholesterol (C) and sitosterol (S), respectively. (Bottom box) Ingested sterols en* 
ter gut epithelial cells (enterocytes) through an unknown route, perhaps by passive diffusion. The 
ABCG5 and ABCG8 proteins unite to form heterodimeric transporters in the plasma membrane 
and intracellular membranes (such as those of the Colgi) of enterocytes. These active transporters 
preferentially transport plant sterols (but also some cholesterol) out of enterocytes into the gut 
lumen, thereby decreasing sterol absorption. ABCA1 may participate in this process. Consequently, 
only a small percentage of the plant sterols that enter enterocytes are absorbed by the body. 
(Main figure) Absorbed sterols are packaged into chylomicrons for transport to the liver. In the liv- 
er, cholesterol and plant sterols may be (i) transported to peripheral tissues by lipoproteins (very 
tow density lipoproteins, VLDLs; and low density lipoproteins, LDLs); (II) converted to bile acids 
(BA); or {iii) transported out of the liver into the bile for excretion. In peripheral tissues, the ABCA1 
transporter delivers cholesterol to high density lipoproteins (HDLs) for transport back to the liver. 



give rise to sitosterolemia. YtedABCG5 and 
ABCG8 not been located so close together 
in the genome, their genetic mapping and 
subsequent identification could have been 
much more difficult 

Members of the ABC superfamily of 
transporters are integral membrane proteins 
that couple the energy derived from the hy- 
drolysis of adenosine triphosphate to the 
transport of various substrates across cellu- 
lar membranes. Active transporters consist 
of either a single polypeptide with two ABC 
domains and 12 transmembrane spanning 
helices (full transporter) or two polypeptides 
each with one ABC domain and six trans- 
membrane spanning helices (half-trans- 
porters). Most half-transporters are located 
within intracellular membranes, whereas 
full transporters are usually found in the 
plasma membrane. Defective ABC trans- 
porters have been implicated in a variety of 
diseases including cystic fibrosis (ABCC7 
transports chloride ions), adrenoleukodys- 
trophy (ABCD1 transports very long chain 
fatty acids), and Tangier disease (ABCA1). 
Although ABCA1 is required for reverse 
cholesterol transport from peripheral tissues 
back to the liver for excretion, it may also be 
important in the regulation of intestinal 
cholesterol absorption (tf, 7). 

Nuclear receptors such as LXR are 
transcription factors that remain inactive 
in the absence of ligand. The binding of 
ligand to the receptor induces a conforma- 
tional change that turns on the transcrip- 
tional activity of the receptor. The natural 
ligands for LXR are oxysterols, hydroxy- 
lated forms of cholesterol (#). The biolog- 
ical role of LXR is to detect high concen- 
trations of cholesterol and to respond by 
increasing the expression of genes that 
limit its accumulation. In response to 
cholesterol, LXR (i) increases the synthe- 
sis of bile acids in the liver by inducing 
expression of cholesterol 7ct-hydroxylase 
(P), the rate-limiting enzyme of bile acid 
synthesis; (ii) increases cholesterol efflux 
from peripheral tissues (stimulating re- 
verse cholesterol transport) by inducing 
ABCA1 and ABCG1 expression (7, 10); 
and (iii) inhibits cholesterol absorption in 
the intestine by activating ABCA1 and 
perhaps ABCG5 and ABCG8 (see the 
figure). The Berge et al study suggests 
that ABCG5 and ABCG8 are regulated by 
LXR as their expression increased in re- 
sponse to an LXR ligand. However, final 
proof awaits the identification of the tran- 
scriptional regulatory sequences of these 
genes and examination of gene expres- 
sion in mice deficient in LXR. The abili- 
ty of LXR ligands to block cholesterol 
absorption should be examined in ani- 
mals lacking either ABCG5 or ABCGS to 
determine the relative importance of 
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these transporters in this process. The 
possible regulation of ABCG5 and 
ABCG8 (and other known target genes) by 
LXR suggests that LXR may be an excel- 
lent target for developing drugs to de- 
crease serum cholesterol. 

Although a full understanding of the 
regulation of cholesterol absorption in the 
intestine will require more work, the iden- 
tification of genes mutated in sitos- 
terolemia provides important insights into 



Sulfate-reducing bacteria may be one 
of the oldest forms of life on Earth. 
They can be traced back billions of 
years in the geologic rock record to the 
Early Archean (3900 to 2900 million 
years ago), when oxygen concentrations 
in Earth's atmosphere were low. Ancient 
sulfate-reducing bacteria left their first 
mark on their environment in pyrite min- 
erals (FeSj) as old as 3400 million years 
(/). Today, these microorganisms are 
widespread in marine and terrestrial 
aquatic environments. Their ability to 
adapt to extreme physical and chemical 
conditions enables them to play an impor- 
tant role in global geochemical cycles (2), 
but their role in the formation of ore de- 
posits has remained controversial. Strong 
support for such a role is now provided by 
Labrenz et al on page 1744 of this issue 
(5), who have discovered sulfate-reducing 
bacteria that can tolerate low levels of 
oxygen and can precipitate zinc sulfide 
minerals. 

Throughout geologic history, the sulfur 
cycle was strongly correlated with the car- 
bon cycle because the two cycles are in- 
trinsically connected through microbial 
metabolism. The sulfur cycle thus consti- 
tutes one of the best examples of the im- 
pact exerted by living organisms on geo- 
chemical cycles (4). Dissimilatory sulfate- 
reducing bacteria use sulfate mainly as an 
electron acceptor (without assimilating 
sulfur) in the anaerobic oxidation of inor- 
ganic or organic substrates such as H 2 + 
C0 2 , lactate, acetate, and propionate. As a 
consequence of their metabolism, large 
| amounts of reduced sulfide ions are pro- 
I duced and accumulated in their natural 
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this process. Four ABC proteins have now 
been implicated in the regulation of 
cholesterol homeostasis. Future studies 
will need to determine the structural and 
functional properties of these proteins and 
whether they act in concert or in separate 
pathways of cholesterol metabolism. 
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habitats. The sulfide ions combine with 
available metal ions to form insoluble 
products, most commonly FeS 2 , leading to 
the production and transformation of nat- 
ural mineral deposits (3). 

The importance of this major biogeo- 
chemical process is evident in the fluctu- 
ations in the sulfur isotope content of 
marine sulfate during the Phanerozoic, 
that is, during the past 570 million years. 
Bacterial sulfate reduction controls the 
isotopic composition of marine sulfate, 
driving the 34 S/ 32 S isotopic ratio, ex- 
pressed as 8 34 S, to more positive values 
during periods with increased deposition 
of carbonaceous sediments. For example, 
in the early Phanerozoic, the 8 34 S value 
of marine sulfate (as recorded in marine 
deposits) increases by about 15 per mil, 
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indicating a period with increased micro- 
bial sulfate reduction within anoxic (oxy- 
gen-deficient) sediments called black 
shales (5). Intervals with increased activ- 
ity of sulfate-reducing bacteria, and asso- 
ciated increased impact on geochemical 
cycles, can thus be deciphered from the 
geologic record. 

The role played by sulfate-reduc- 
ing bacteria in natural processes is un- 
doubtedly very important under anox- 
ic or oxygen-tree conditions. Anyone 
who has ever stepped into black stinky 
mud and smelled the H 2 S released has 
experienced firsthand the activity of 
sulfate-reducing bacteria. These mi- 
crobes undoubtedly play an important 
role in the early diagenetic alteration 
of sediments rich in organic matter. 
Their importance, however, for other 
geologic phenomena, such as the for- 
mation of sulfide ore deposits, re- 
mains controversial, not least because 
of their air intolerance. But this is not 
the case for the bacteria discovered by 
Labrenz et al. (5), which can tolerate 
low levels of oxygen (they are aerotol- 
erant). These bacteria may be impor- 
tant players in geochemical cycling 
and in the concentration of metals into 
sediment-hosted sulfide ore deposits. 

Using scuba divers to gain access 
to a flooded mine tunneled into a Pb- 
Zn ore deposit, Labrenz et al were able to 
retrieve samples containing microbial 
biofilms. Applying microscale techniques, 
they demonstrate that the collected aero- 
tolerant sulfate-reducing bacteria assem- 
blage has the ability to form a pure precip- 
itate of sphalerite (ZnS). The bacteria can 
scavenge zinc from waters with very low 
zinc concentrations (less than 1 part per 
million), essentially stripping the water of 
the metal. This observation has interesting 
implications for understanding how eco- 
nomic ZnS deposits may have formed. 
And it has even more exciting implications 
for possible biotechnological applications. 
Imagine if these aerotolerant sulfate-re- 
ducing bacteria could be used to remove 
trace metals, such as Zn, As, or Se, from 
contaminated drinking water! Because 
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The role of microbes in ore deposit formation. 

Scanning electron microscopy image of vibrio-shaped 
sulfate-reducing bacteria that are intimately associat- 
ed with dolomite crystals produced in a culture exper- 
iment conducted at room temperature (S). The bacte- 
ria are 3 to 5 um in length. The sample was prepared 
by chemical fixation and critical-point drying. 
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single immunization with collagen, with an ex- 
tremely low incidence (<1Q%, Fig. 4A) (25). 
Imminu'yjng CD200"'" mice only once (26) 
resulted in disease onset as early as day 20 and 
a cumulative incidence of over 50% (Fig. 4A). 
That this result was not an artifact of gene 
targeting was illustrated by infecting C57BL/ 
6 + ' + mice with a replication-deficient adenovi- 
rus expressing a soluble Ig-fusion protein of 
CD200R (7, 27). Such mice were highly sus- 
ceptible to CIA compared with mice receiving a 
control Ig-fusion protein construct (Fig. 4A). 
Both CD200"'- and CD200R-Ig-treated ani- 
mals developed moderate to severe arthritis (10) 
with synovial inflammation and formation of 
invasive parmus, resulting in cartilage and bone 
degradation seen normally only in CIA-suscep- 
tible animals (24) (Fig. 4B). Inflammatory cells 
in the arthritic joints were mainly CD1 lb + cells 
(20), with a substantial proportion being CD68 + 
macrophages (JO). 

Because EAE and CIA are initiated by 
activation of self-reactive T lymphocytes (21, 
25), enhanced disease could reflect hyperac- 
tivation of these cells in the absence of 
CD200. No evidence for T cell dysregulation 
in CD200-deficient environments was ob- 
served with a range of in vivo and in vitro 
experiments (10). 

Thus, through CD200 expression, diverse 
tissues regulate macrophages, and probably also 
granulocytes, directly and continuously through 
interaction with the inhibitory CD200R (7). The 
consequences of loss of this pathway can be 
profound, rendering mice susceptible to tissue- 
specific autoimmunity and enabling accelerated 
reactivity of resident tissue macrophages, in- 
cluding those in the CNS. That these effects 
appear to be unrelated to T cell activation but 
rather the result of direct deregulation of 
effector pathways within the macrophage/ 
myeloid lineage has important and broad 
implications for treatment of neurodegen- 
erative diseases like Alzheimer's disease or 
for varied pathologies involving hyperacti- 
vation of the myeloid lineage. 
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Accumulation of Dietary 
Cholesterol in Sitosterolemia 

Caused by Mutations in 
Adjacent ABC Transporters 
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In healthy individuals, acute changes in cholesterol intake produce modest changes 
in plasma cholesterol levels. A striking exception occurs in sitosterolemia, an 
autosomal recessive disorder characterized by increased intestinal absorption and 
decreased biliary excretion of dietary sterols, hypercholesterolemia, and premature 
coronary atherosclerosis. We identified seven different mutations in two adjacent 
oppositely oriented genes that encode new members of the adenosine triphosphate 
(ATP)-binding cassette (ABC) transporter family (six mutations in ABCC8 and one 
in ABCC5) in nine patients with sitosterolemia. The two genes are expressed at 
highest levels in liver and intestine and, in mice, cholesterol feeding up-regulates 
expressions of both genes. These data suggest that ABCC5 and ABCG8 normally 
cooperate to limit intestinal absorption and to promote biliary excretion of sterols, 
and that mutated forms of these transporters predispose to sterol accumulation 
and atherosclerosis. 



In humans, the intestine presents a barrier that 
prevents the absorption of plant sterols and 
partially blocks the absorption of cholesterol. 



This barrier is disrupted in die rare autosomal 
recessive disorder, sitosterolemia, which is 
characterized by hyperabsoiption of plant ste- 
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rols such as sitosterol (7-5). Patients with 
sitosterolemia also hyperabsorb cholesterol 
and are usually hypercholesterolemic, which 
leads to the development of xanthomas (cho- 
lesterol deposits in skin and tendons) and 
premature coronary artery disease (2-5). Un- 
like individuals with other forms of hyperlip- 
ldemia, sitosterolemic subjects respond to re- 
striction in dietary cholesterol and to bile acid 
resin treatment with dramatic reductions in 
plasma cholesterol levels (2, 3, 6). 

Patients with sitosterolemia have marked- 
ly elevated (>30-fold) plasma levels of plant 
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sterols (sitosterol, stigmasterol, and campes- 
terol) as well as other neutral sterols with 
modified side chains (7, 7, 8). Healthy indi- 
viduals absorb only -5% of the average 200 
to 300 mg of plant sterols consumed each day 
(P). Almost all of tfce absorbed sitosterol is 
quickly secreted into the bile so that only 
trace amounts of sitosterol and other plant 
sterols remain in the blood (0). In contrast, 
subjects with sitosterolemia absorb between 
15 and 60% of ingested sitosterol, and they 
excrete only a fraction into the bile (2-5). The 
liver secretes sitosterol into the bloodstream, 
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where it is transported as a constituent of 
low-density and high-<Jensity apoprotein par- 
ticles (1). With the exception of the brain, the 
relative proportion of sterol represented by 
sitosterol in tissues matches that in plasma 
(10 to 25%) (70). Hyperabsorption and inef- 
ficient secretion are not limited to plant ste- 
rols. Sitosterolemic subjects absorb a higher 
fraction of dietary cholesterol than normal 
subjects, and they secrete less cholesterol into 
the bile (2-5). Taken together, the genetic 
and metabolic data indicate that sitoster- 
olemic patients lack a gene product that nor- 
mally limits the absorption and accelerates 
the biliary excretion of sterols (2, 3). 

The molecular mechanisms that limit ste- 
rol absorption are poorly understood, but 
clues have emerged recently from studies of 
the orphan nuclear hormone receptor LXR 
(U, 12). Mice treated with an LXR agonist 
show a marked decrease in cholesterol ab- 
sorption and a corresponding increase in the 
intestinal expression of mRNA encoding the 
ATP-binding cassette protein-1 (ABCA1), a 
membrane-associated protein that has been 
implicated in the transport of cholesterol (77, 
13). We hypothesized that sitosterolemic pa- 
tients might have defects in other genes that 
limit cholesterol absorption and mat the ex- 
pression of these genes would be regulated by 
LXR. To test this idea, we used DNA mi- 
croarrays to search for mRNAs that are in- 
duced by the LXR agonist T091317 in mouse 
liver and intestine (77, 14). A transcript corre- 
sponding to a murine EST (AA237916) was 
induced -2.5-fold in the livers and intestines 
of treated mice. This EST resembled three 
Drosophila genes that encode ABC half- 
transporters (brown, scarlet, and white) ex- 
pressed in the pigmentary cells of the eye 
(15-17). These ABC half-transporters con- 
tain six membrane-spanning domains and 
form two types of heterodimers that transport 
guanine (brown/white) or tryptophan (scarlet/ 
white). Because a human homolog of white 
(ABCG1) is implicated in cellular cholesterol 
efflux from macrophages (18, 19\ we rea- 
soned that the LXR-induced protein encoded 
by AA237916 might be involved in sterol 
trafficking in liver and intestine, and hence 
tnis gene was a candidate for the defect in 
sitosterolemia. 

A full-length cDNA corresponding to 
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AA237916 was isolated from a mouse liver 
cDNA library (OriGene Technologies, Rock- 
ville, Maryland), and this sequence was used 
to identify a human ortholog in the GenBank 
EST database (T86384). A full-length human 
sequence was obtained by iterative EST da- 
tabase searches and by cloning from human 
liver cDNA libraries (OriGene and Clontech, 
Palo Alto, California). The human cDNA 
predicts a 651-amino acid protein (Fig. 1C) 
that shares 80% sequence identity with the 
mouse sequence (20). Following the standard 
system of nomenclature in the ABC trans- 
porter field, this protein was named ABCGS. 
The aminoterminal half of ABCGS contains 
the ATP-binding motifs (Walker A and B 
motifs) and an ABC-transporter signature 
motif (C motif), and the carboxyl-tenninal 
region is predicted to contain six transmem- 
brane (TM) segments (Fig. IB) (17, 21, 22). 
A human EST clone (UniGene T93792) from 
ABCGS mapped to chromosome 2p21 be- 
tween markers D2S177 and D2S1 19, and the 
map position was confirmed using a radiation 
hybrid panel (23). Patel and colleagues pre- 
viously mapped the human sitosterolemia 
gene to this same region of chromosome 2 in 
ten independent sitosterolemic families (24). 

The structure of the human ABCGS gene 
was characterized by analysis of a bacterial 
artificial chromosome (BAC) clone that con- 
tained the entire gene (Fig. 1A) (25). The 
gene spans ~28 kb and has 13 exons and 12 
introns. The coding sequences and consensus 
splicing sequences were amplified from 
genomic DNA by polymerase chain reaction 
(PCR) and sequenced in nine unrelated sub- 
jects with sitosterolemia (Table 1). A sitos- 
terolemic patient from Hong Kong (proband 
9) was heterozygous for a transition mutation 
(CGA to TGA) in codon 408 that introduced 
a premature stop codon between TM1 and 
TM2. This mutation was not present in 65 
normolipidemic individuals, including 50 
Chinese subjects. No other potential disease- 
causing mutations were identified in ABCGS. 
A transversion in codon 604 that substituted a 
glutamic acid for glutamine (Q604E) in the 
loop between TM5 and TM6 was found in 
five sitosterolemic probands but was also 
present in 23% of the alleles from normolipi- 
demic Caucasians (n = 50). 

Genes encoding members of the ABC 
transporter family are often clustered in the 
genome (26). Because only a single ABCGS 
mutation was identified in our collection of 
nine sitosterolemic probands, we searched 
the public and Celera genome sequences for 
other ABC transporters adjacent to ABCGS. 
An EST (T84531) that shared weak homol- 
ogy with the Drosophila white gene was 
identified and expanded using exons predict- 
ed by the computer program GENSCAN 
(27). Eleven of the 1 3 exons of the new gene, 
which we name ABCG8, were identified in 



the databases, and the rernaining two exons 
were identified by sequencing PCR-amplified 
cDNAs from human hepatic poly(A) + mRNA. 
ABCG8 shares —28% amino acid identity with 
ABCGS (Fig. 1C). The ABCG8 sequence is 
most similar to ABCG1, which resembles the 
Drosophila white gene (16). 

The translational start sites of ABCGS and 
ABCG8 are separated by only 374 base 
pairs, and the two genes are arranged in a 
head-to-head orientation (Fig. IA). Both 
genes contain a translation initiation codon 
with an upstream in-frame stop codon. The 
close proximity and opposite orientation of 
ABCGS and ABCG8 suggest that the two 
genes have a bidirectional promoter and 
share common regulatory elements (28, 
29). No obvious LXR response element 
was identified in the limited amount of 
sequence available at this time. Other gene 
pairs with bidirectional promoters form 
functional complexes (29), as may be the 
case for ABCGS and ABCGS. 

The predicted intron-exon boundaries of hu- 



Fig. 2. Expression of ABCC5 
(AF320293) and ABCC8 
(A1320294) in human tissues (A) 
and the effect of cholesterol 
feeding on levels of ABCGS and 
ABCGS mRNAs in mouse liver 
and intestine (B). (A) Northern 
blot analysis of human tissues. 
The coding sequence of ABCGS 
and ABCG8 were amplified from 
liver poly(A) + RNA (Clontech), 
and the fragments were cloned 
into the plasmid vector pGEM-T 
(Promega, Madison, Wisconsin). 
The coding region of ABCGS and 
the 3'-untranstated region of 
ABCGS was amplified and the 
fragment radiolabeled (Mega- 
prime DNA labeling System, Am- 
ersham, Uppsala) before incuba- 
tion with the RNA blot (Ori- 
Gene) in Rapid-hyb buffer (1 X 
10 6 cpm/ml) (Amersham). The 
blot was washed and subjected 
to autoradiography for 18 hours 
using Kodak X-OMAT-blue film 
(Kodak, Rochester, New York) 
(40). (B) Cholesterol feeding in- 
duces coordinate increases in 
levels of AbcgS and AbcgS 
mRNA. Seven-week-old male 
mice (129S3/Svlmj) were fed 
powdered rodent diet (Harlan 
Teklad, Madison, Wisconsin) in 
the absence or presence of cho- 
lesterol (2%, w/v). Mice were 
killed after 1 or 7 days in the 
light phase of a 12-hour dark- 
light cyde. Total RNA was isolat- 
ed using RNA-Stat-60 (Tel-Test 
Friendsword, Texas) from the liv 



mmABCG8 were confirmed by DNA sequenc- 
ing. The single-strand cxmformation polymor- 
phism (SSCP) technique was used to screen the 
exons and flanking intron sequences of ABCG8 
in the nine sitosterolemic subjects (Table 1) 
(30, 31). DNA sequencing of abnormally mi- 
grating fiagments revealed six different muta- 
tions (Table 1 and Fig. I B). The first patient to 
be described with sitosterolemia (proband 1) 
was homozygous for. a nonsense mutation 
(1083OA) in exon 7 (Fig. IB) mat introduced 
a premature termination signal codon at codon 
361, tennmating the protein before TM1 (1). 
Three other unrelated Caucasian sitosterolemic 
subjects (probands 3, 5, and 8) were heterozy- 
gous for the same mutation (6, 32). One of these 
probands (proband 5) was originally diagnosed 
with pseudohomozygous familial hypercholes- 
terolemia (FH), an autosomal recessive disorder 
characterized by hypercholesterolemia, tendon 
xanthomas, and exquisite sensitivity to dietary 
cholesterol (6). Many of the patients orig- 
inally diagnosed with pseudohomozygous 
FH were subsequently found to have sitos- 
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er and three equal segments of the smalt intestine (duodenum, jejunum, and ileum). The tissue 
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terolemia,as was the case with this patient 
and proband 6 (6, 33). Proband 3 was het- 
erozygous for another nonsense mutation in 
exon 13 that introduced a stop codon 15 
residues from the carboxyl terminus of 
ABCG8. The resulting protein would lack 
part of TM6 and the short cytoplasmic 
domain, which contains a cluster of posi- 
tively charged residues that may be impor- 
tant in positioning these proteins in the 
membrane (34). 

Two missense mutations identified in 
ABCGS produced nonconservative amino acid 
changes at positions mat are conserved between 
the humans and mouse proteins, as well as in 
ABCG5. One Chinese patient ( proband 4) was 
heterozygous for a missense mutation in exon 6 
in codon 263 (Glu for Arg, R263Q). An Amish 
individual with atosterolemia was homozygous 
for a missense mutation (Arg for Gly, G574R) 
in a residue mat is conserved in mouse and 
human ABCG& Genomic DNA was available 
from an additional three of me four living af- 
fected family members in this large Amish 
pedigree (35, 36), and these individuals were 
homozygous for mis same missense mutation 
(20). A third nOTconservative missense muta- 
tion was an arginine substitution for a leucine at 
codon 596. The corresponding sequence in 
ABCG5 is another ncnpolar amino acid, glu- 
tamine. None of these three missense mutations 
were identified in 100 alleles from ethnically 
matched normohpidemic subjects, which is 



Reports 

consistent with their being disease-causing mu- 
tations. A common polymorphism (Cys for 
Tyr, Y54Q with an allele frequency of 23% in 
control subjects (n 100 alleles) was also 
identified in ABCGS. 

Thus, we identified two mutant alleles at 
the ABCGS locus in four of the nine sitoste- 
rolemic patients. Four patients had a single 
mutant allele in ABCGS, and one patient had 
a single mutant allele in ABCGS. The identi- 
fication of multiple different ABCGS muta- 
tions in subjects with sitosterolemia, includ- 
ing nonsense mutations mat appear incompat- 
ible with protein function, provides strong 
evidence that sitosterolemia is caused by de- 
fects in this gene . It also seems likely that the 
mutation we found in ABCGS causes sitoste- 
rolemia, although the identification of addi- 
tional mutations in this gene will be required 
to substantiate this hypothesis. It remains 
possible that mutations in another gene (per- 
haps a different ABC transporter) within the 
genomic interval mapped by Patel et al. (24) 
can cause sitosterolemia when present in 
combination with munitions in ABCGS or 
ABCGS. 

To determine whether ABCGS and ABCGS 
are regulated (ttordinately, we examined the 
tissue distributions of their mRNAs in hu- 
mans and mice, and their responses to cho- 
lesterol feeding in mice. In humans, liver 
and the small intestine were the major sites 
of expression of both genes (Fig. 2A). For 
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both ABCGS and ABCGS, one major tran- 
script of 2.4 kb and 2.6 fcb, respectively, but 
other transcripts were visible by RNA blot- 
ting; Additional studies will be required to 
determine the identity of these transcripts, 
which presumably result from alternative 
splicing or differential polyadenylation. In 
mice, AbcgS and AbcgS were expressed at 
higher levels in the intestine than in the 
liver, although the relative amounts of ex- 
pression in these two tissues may be strain- 
specific. Inasmuch as the expression of 
these two genes is regulated by dietary 
sterols (see below), definitive studies of 
tissue expression in humans will require 
careful control of dietary intake. 

If ABCGS and ABCGS protect against the 
accumulation of sterols, then their expres- 
sion levels would be predicted to increase 
with cholesterol feeding. To test this hy- 
pothesis, we fed mice a high-cholesterol 
diet (2%), and they were killed after 1, 7, pr 
14 days. The levels of AbcgS and AbcgS 
mRNAs increased about twofold in intes- 
tine and over threefold in liver within 1 
week of initiation of the high-cholesterol 
diet (Fig. 2B). These changes were main- 
tained at 2 weeks (20). As expected, the 
plasma levels of cholesterol did not signif- 
icantly change in the cholesterol-fed mice 
(from 95 mg/dl to 93 mg/dl), because mice 
rapidly and efficiently convert dietary cho- 
lesterol into bile acids and excrete both 
cholesterol and bile acids into the bile (37). 
LXR plays a central role in this regulated 
process by increasing the expression of 
multiple hepatic genes that promote bile 
acid synthesis and biliary secretion (12): 
The ligands for LXR include hydroxylated 
sterols that are derived from cholesterol 
(3S t 39), Because ABCGS is induced by an 
LXR agonist, it is possible that dietary 
sterols induce these genes through LXR. 

In summary, our data suggest that 
ABCGS and ABCG8 are ABC half-transport" 
ers that may partner to generate afunctional 
protein. The juxtaposition of the correspond- 
ing genes on chromosome 2, the coordinate 
regulation of their mRNAs in the liver and 
intestine with cholesterol feeding, and the 
observation that mutations in either gene are 
associated with sitosterolemia suggest that 
these two proteins form a functional complex 
that mediates efflux of dietary cholesterol 
from the intestine, and thus protects humans 
from sterol overaccumulation. this protec- 
tion is especially important in Western soci- 
eties that consume high-cholesterol diets. 
Loss of function of these proteins causes 
sitosterolemia. Our results raise the possibil- 
ity that subtle defects in these proteins or in 
their regulation may underlie the variable 
responses of healthy individuals to high-cho- 
lesterol diets. 

Note added in proof. After submission of 
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the manuscript two additional mutations in 
ABCG8 were identified by sequencing: (i) 
del547C resulting in a premature stop codon 
at amino acid 191 in proband 7 and (ii) 
P231T (691 A>C) in proband 4. No addi- 
tional mutations were identified in ABCGS. 
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Until recently, the fate of adult cells has been 
thought to be restricted to their tissues of 
origin. Cells are well known to be capable of 
replenishing damage in tissues in which they 
reside, such as blood, muscle, liver, and skin. 
However, the finding that adult cells could be 
reprogrammed to express genes typical of 
differentiated cell types representing all three 
lineages (mesoderm, enddderm, and ecto- 
derm) when fused to cells in heterokaryons 
was quite unexpected (7-5). This degree of 
plasticity demonstrated that the differentiated 
state is reversible and requires continuous 
regulation to maintain the balance of factors 
present in a cell at any given time (4). The 
cloning of frogs (5) and later sheep (6) fur- 
ther showed that previously silent genes 
could be activated in adult nuclei. Although 
remarkable, these examples of plasticity all 
involved extensive experimental manipula- 
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tions. More recently, findings have been 
made that suggest that stem cells can assume 
diverse fates under physiologic conditions. 
Both transformed and primary neural cells 
can give rise to a range of phenotypes typical 
of their site of implantation within the central 
nervous system (CNS) (7, 5). Bone marrow 
cells can yield not only all cells of the blood 
but also cells with a liver phenotype (9). 
Perhaps the greatest plasticity yet demon- 
strated is the doming" of bone marrow- 
derived cells to damaged muscle in irradiated 
dystrophic mdx mice (10, 11). Muscle-de- 
rived and CNS-derived stem cell-like popu- 
lations have also been reported to reconstitute 
the blood and rescue lethally irradiated mice 
(11, 72). Here we report that after lethal 
irradiation, bone marrow-derived cells ad- 
ministered by intravascular injection yielded 
cells that expressed genes specific to neurons 
(neuronal phenotypes) in the CNS. Moreover, 
both the sources and the recipients of these 
cells were adults. 

To examine whether bone marrow- de- 
rived cells could give rise to cells in the brain, 
adult marrow was harvested from transgenic 



From Marrow to Brain: 
Expression of Neuronal 
Phenotypes in Adult Mice 
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After intravascular delivery of genetically marked adult mouse bone marrow 
into lethally irradiated normal adult hosts, donor-derived cells expressing neu- 
ronal proteins (neuronal phenotypes) developed in the central nervous system. 
Flow cytometry revealed a population of donor-derived cells in the brain with 
characteristics distinct from bone marrow. Confocal microscopy of individual 
cells showed that hundreds of marrow-derived cells in brain sections expressed 
gene products typical of neurons (NeuN, 200-kilodalton neurofilament, and 
class III p-tubulin) and were able to activate the transcription factor cAMP 
response element- binding protein (CREB). The generation of neuronal pheno- 
types in the adult brain 1 to 6 months after an adult bone marrow transplant 
demonstrates a remarkable plasticity of adult tissues with potential dinical 
applications. 
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